Two polydimethylsiloxane (PDMS) gas purge valves for excessive gas removal in general lab-on-a-chip applications are presented in this paper. Both valves are devised based on a three-layer configuration comprising a top layer for liquid channels, a membrane and a bottom layer for gas channels. The pneumatic valves work as a normal gateway for fluids when the membrane is bulged down (open state) by vacuum or pushed up (closed state) by pressure. In the closed state, the air in front of a liquid can be removed through a small notch or a permeable PDMS membrane by compressing the liquid. The purge valve with a small notch across its valve seat, termed surface-tension (ST) valve, can be operated with pressure under 11.5 kPa. The liquid is mainly retained by the surface tension resulting from the hydrophobic channel walls. In contrast, the purge valve with vacuum-filled grooves adjacent to a liquid channel, termed gas-permeation (GP) valve, can be operated at pressure above 5.5 kPa. Based on the principle of gas permeation, the excessive air can be slowly removed through the vent grooves. Detailed evaluations of both valves in a pneumatically driven microfluidic chip were conducted. Specifically, the purge valves enable users to remove gas and passively align liquids at desired locations without using sensing devices or feedback circuits. Finally, a rapid mixing reaction was successfully performed with the GP valves, showing their practicability as incorporated in a microfluidic chip.
Introduction
Excessive gas removal in microchannels is of great interest to lab-on-a-chip (LoC) applications, such as low mixing efficiency [17] , poor temperature uniformity in PCR [13] , or inhibitive reactions [8] . Because bubble formation is a typical issue commonly taking place in microchannels, unprocessed air bubbles or plugs may cause mass transport problems. As a result, excessive gas removal is usually regarded as a priority when dealing with microfluidic operations. With hydrophobic microcapillary vents [7] , Lee et al [11] showed nanoliter metering, transportation, merging and biochemical reactions on a microfluidic chip. Tiny liquid droplets were translated by low air pressure (<3.5 kPa) generated from vents. Similarly, residual air was removed through the vents. However, this device is only eligible for some limited circumstances due to the lack of physical valves. Another approach removing air bubbles through gas permeable PDMS channels was reported by Kang et al [9] . The concept relies on applying pressure over air/liquid phase flow to squeeze the air out of the liquid channel. The group successfully predicted the purge behavior with a gas permeable model and a correction factor. Urbanski et al [19] devised a latch valve to get rid of excessive mineral oil in oil/water flow for metering. Similar work can also be applied to air/liquid flow. This partially closed latch caught and retained emulsified aqueous samples, yet allowed the immiscible mineral oil to continuously flow along the channel. However, a pressure range different from the pressure acting on the normal valves has to be carefully adjusted to achieve the partially closed state. In addition, leakage is very likely to be a problem in the device. It is worth noting that removing air in microchannels also enables passive liquid alignment at a desired location without a sophisticated sensing system. In contrast, the past detections of fluid locations still relied on sensors based on the change of electrical signals [3, 14] . The additional capability therefore allows accurate dispensing as well as metering in many biochemical assays.
In this paper, we devised and characterized two types of gas purge valves based on the valve proposed by Mathies' group [5] . The three-layer pneumatic valve is used in a wide variety of LoC applications due to simplicity. In such a valve, a flexible membrane is sandwiched between two functional layers, isolating liquid channels and gas channels. A valve is defined 'closed' when the membrane seals a liquid channel but turns 'open' when the sealing state breaks. With multiple valves deployed in a microfluidic chip, one is able to handle sophisticated fluid behavior using programmable controls [6, 18] . In addition to the basic functions, a gas purge valve is designed to remove excessive gas from a liquid channel, thus preventing air bubbles and aligning liquids without sensors or feedback circuits. Two types of purge valves subjected to different operating mechanisms were fabricated and studied (see figure 1) . The ST valve features a small notch on the valve seat and resists the fluid flow due to high surface tension. When surface tension dominates, the fluid interface will be retained at the notch valve. When the driving pressure is higher than the threshold, the fluid will leak through the notch. For the current study, a notch with 150 μm cumulative width and 4.66 μm depth was designed to bear pressure under 11.5 kPa. The GP valve has several finger-like grooves adjacent to a liquid channel and is vacuum vented. As a result, it can work at pressure higher than 5.5 kPa. Since both the devices are on the basis of Mathies' valve, they can also be used as normal valves as long as being operated within the designed pressure ranges.
Methods and materials
Both the purge valves were comprised of three layers of PDMS (Sylgard 184, Ellsworth Adhesives) structures: liquid channel, membrane and gas channel. The liquid and gas channels were fabricated using replica molding of PDMS with SU8 micromolds. For the GP valve, a standard singlestep lithography procedure was followed using SU8 2025 (MicroChem). For the ST valve, fabricating a notch (∼4.5 μm) in single-step lithography presented substantial challenges in terms of high aspect ratio features and necessitated highresolution masks. Therefore, an alternative, called multilayer SU8 lithography protocol [12] , was followed to create the desired notch. The notch was fabricated by spin-coating SU8 2002 at 500 rpm and the liquid channel layer was built on top of it using SU8 2025. Finally, both layers were developed simultaneously. The details of the process can be found in the supplementary material (available at stacks.iop.org/JMM/22/085023/mmedia).
The PDMS prepolymer was prepared by mixing Sylgard 184 and cure agent in a ratio of 10:1. Conventional photolithography was used to fabricate SU8 2025 master micromolds for both the liquid and the gas channels. Both the PDMS layers were cast from the molds and cured in an oven at 65
• C for 1 h. A membrane was fabricated by spin-coating the same PDMS prepolymer on a 4 silicon wafer at 1250 rpm and curing at 65
• C for half an hour. The final thickness of the membrane was 100 μm. The gas channel layer was permanently bonded on the membrane using oxygen plasma and then peeled off from the wafer. A complete microfluidic chip was built after bonding the liquid channel layer with the gas layer/membrane composite. Alignment between the liquid channel and the relevant gas channel was conducted under a microscope. The dimensions of each valve were 600 μm in diameter, 48 μm in depth and 150 μm across the valve seat. The liquid channel and the gas channel were 300 and 100 μm in width, respectively. A three-layer notch valve with two notches can be seen in figure 2. In the case of double-notch ST valve, each notch measured 75 μm in width and 4.66 μm in depth.
For the ST valve, the major force that decelerates or retains the air/liquid interface is surface tension. According to Young's equation, the pressure to retain an air/liquid interface in a rectangular channel is expressed as
where θ c is the contact angle of the liquid on a PDMS surface, σ is the surface tension of the liquid, h and w are the height and width of the notch, respectively. The retaining pressure is related to the contact angle of liquid and the size of notch. Usually a hydrophobic material, such as PDMS, accompanied with a tiny channel can create a higher surface-tension force. For instance, the theoretical threshold pressure in a PDMS channel (θ c = 100
• ) with two notches is 11.5 kPa. In theory, a notch can be designed to withstand different threshold pressure values by varying the cross-sectional area, yet a practical limit may exist due to the potential PDMS membrane deformation in the case of extremely shallow notches.
For the GP valve, air is squeezed to the grooves adjacent to the liquid channel through the PDMS membrane. Due to the porous nature of PDMS matrix, the elastomer allows gas molecules to slowly migrate in and out of the material, yet retains liquid inside the channel. In general, the permeation can withstand large pressure but needs longer time to remove gas compared with the ST valve. A model derived from the gas-permeation equation [10] can be used to predict the remaining permeation area as a function of time:
where α is an empirical correction factor, P is the permeation of the material, p 1 and p 2 are the pressure values before and after the PDMS matrix, b is the thickness of the membrane, d is the depth of the channel, W is the channel width, L 0 is the initial length of the gas in the channel and t is the elapsed time. Basically, the purging rate reduced exponentially and varied with the pressure difference (p 2 − p 1 ), the thickness of the membrane and the inherent material properties. The process can be accelerated by increasing pressure difference or reducing membrane thickness in the current setup. The equation facilitates users to design a valve that can remove gas in a reasonable timeframe. In addition to the two dominant equations above, some other forces might play minor roles in the purging actions.
For instance, the hydraulic resistance caused by the friction between channel walls and liquid molecules is proportional to the channel length and flow rate according to the HagenPoiseuille equation. The driving pressure is progressively depleted when a fluid travels a long distance or flows with a high velocity. In the current setup, however, the pressure loss is negligible (<100 Pa) compared with the driving pressure. Moreover, the decrease in fluid velocity due to highly compressed air in the last stage of the purging process in the GP valve can further mitigate the pressure loss.
Gas removal by surface tension
Both the purge valves, unless mentioned otherwise, were investigated in a closed state. A microchannel with input and output reservoirs and the ST valve were fabricated as per the previously described protocols. A water-based solution stained with a food color (ESCO Foods Inc.) was employed here as a working fluid and was placed in the input reservoir. The output reservoir was connected to a vacuum pump (Thomas Diaphragm Pump, 5002VD/1,0/N/DC) to create a driving force for fluid movement. The pump was connected to a dc power supply (Extech Instruments, 382260) and the pressure difference was controlled by adjusting the dc voltage. The set pressure values were observed to fluctuate between ± 0.2 kPa due to the motorized diaphragm pump. Figure 2 demonstrates one of the experimental results for the double-notch ST valve. The leakage point was measured by varying the fluid driving pressure and was observed to reach a value around 12 ± 0.2 kPa, which is close to the predicted threshold (11/5 kPa). It should be noted that some other factors, such as hydraulic resistance and contactline pinning [4, 21] , though minor in the current setup, may alter the threshold if the boundary condition is changed. Accordingly, the actual threshold may be higher than the theoretical value. The influences of both effects on the current thresholds are estimated to be less than 1%, respectively. To deal with the contact-line pinning, a measured contact angle should be used instead of a theoretical value. The alignment was found to be fast compared to the GP valve. The variation of the air/liquid interface velocity across the valve seat over location (x) from the notch valve is shown in figure 3 (see supplementary movie (available at stacks.iop.org/JMM/22/085023/mmedia)). The start of the notch is located at the origin (x = 0). Measurements upstream of the notch (x < 0) as well as downstream of the notch (x > 0) were recorded. The interface velocity drops to zero rapidly as the driving pressure is less than the threshold, whereas the interface slows down in the notch but resumes velocity after leaving the notch.
Gas removal by permeation
Quantification of gas removal in the GP valve was also investigated. A series of experimental images showing the operation are depicted as insets in figure 4 . Unlike the ST valve, excessive air is removed through the porous PDMS matrix with higher pressure acting on the liquid. Although the Figure 3 . Plot of the air/liquid interface velocities under three driving pressure conditions. The interface stops at the notch at low pressure (6 ± 0.2 kPa and 9 ± 0.2 kPa), but leaks through the notch at driving pressure (12 ± 0.2 kPa) higher than the threshold. The inset shows a close-up of the interface velocity measured in the notch region (0 x 100). GP valve is designed for high pressure, the purging process is time-consuming. According to equation (2) , the purging time is proportional to the contact area with air. The purging efficiency drops significantly when less air remains in the channel (i.e. decrease in the contact area). In addition to the hydraulic resistance, the highly compressed air in the last stage may in part contribute to the decline of the efficiency. Air in front of a fluid is compressed initially due to low density but becomes more incompressible as the air density escalates. The process can be accelerated by increasing either the driving pressure or reducing the membrane thickness. The GP valve is equipped with vent grooves adjacent to a liquid channel, so that the pressure difference is increased. The finger-like geometry is adopted here to extend the contact area in the last stage and prevent collapse of the structure. All of the aforementioned factors contribute to the acceleration during the purging process of the GP valve. The analytical model shows good agreement with the experimental data when α is 13 and a pressure difference of 38 kPa is applied (figure 4).
Evaluations of the GP valve in a microchannel
The GP valve was incorporated into a microchannel for some operating tests. The driving force was generated by an onchip peristaltic pump. Four parameters were evaluated based on their influence on the displacement and fluid velocity. The results are discussed as follows.
(i) Pressure difference. This section shows the comparison of purge valves with and without an upstream pressure source. The upstream pressure was generated from an on-chip peristaltic pump. When the pump was idle, the liquid moved slowly due to the low-pressure difference from the vacuum filled grooves. However, the purging accelerated while the pump was activated. The pump was able to provide a time-averaged pressure value of several tens of kilo-Pascals. A three-fold saving in time was observed when a pump was used ( figure 5(A) ). The corresponding velocities are shown in figure 6 (A). Flow driven by the pump moved faster during the purging process. On average, the pump-driven flow maintained a mean velocity three-fold higher than the pumpless flow. Without a driving force, the flow lost its momentum and became stagnant at the last vent groove. In contrast, the pump-driven flow kept moving till it approached the valve seat. (ii) Location of the liquid plug. The purging rate is also subjected to the location of air/liquid interface. The purging efficiencies in the upstream (∼9.28 mm away from the purge valve) and downstream (next to the purge valve) regions were measured ( figure 5(B) ). Upstream, the liquid moved relatively fast (∼132.72 ± 39.69 μm s −1 ) owing to abundant air as a cushion as well as a large contact area in the microchannel. However, the air cushion appeared to be unreliable, resulting in velocity fluctuations in this region. In general, air is more compressible initially and becomes less compressible after being highly squeezed when the pumping rate is higher than the purging rate. The porous PDMS walls are necessary for promoting the purging process. However, this effect decreases exponentially according to the permeation equation (equation (2)). In the last stage, hydraulic resistance depletes only some of the driving pressure (<100 kPa). Also, the air compressibility and contact area of channel walls play minor roles in the purging process. The vent grooves therefore become the only exit for the excessive air, resulting in a decline in the flow velocity ( figure 6(B) ). This unique characteristic makes the processing time escalate when an air/liquid interface moves near the GP valve. (iii) Pumping frequency. Changing the pumping frequency is a major means for a peristaltic pump to vary flow velocity. In principle, a higher pumping frequency results in faster fluid flow. To characterize the relationship, the velocities subjected to three frequencies, 0.5, 1 and 2 Hz, were measured. As shown in figures 5(C) and 6(C), no meaningful difference is observed between the frequencies considering the rate of change of displacement as well as velocity. All of the linear correlation coefficients between any two cases are higher than R 2 = 99.4%, implying very similar trends. The cause is attributed to the highly compressed air in the last stage and the nature of the peristaltic pump. As discussed in the previous sections, the flow velocity declined on approaching the GP valve due to slow permeation. The compressed air caused backpressure when excessive pressure was accumulated in the channel between the air/liquid interface and the valve seat. Since the accumulated pressure was usually stronger than the frequency change by the peristaltic pump, no significant improvement in velocity was measured even though the frequency was increased. The excessive pressure then released back to the pump, decreasing the pumping efficiency. This situation occurs in different phases depending on different pumping sequences. However, the phenomenon becomes negligible when the air/liquid interface remains far away from the purge valve. is required. A non-plug fluid and two plugs measuring 3.04 and 4.64 mm in length were compared under the same conditions. As shown in figures 5(D) and 6(D), the purging appears to be independent of the length of the liquid plug. There are no distinguishable differences in the liquid displacement as well as the velocity. Similar to the previous pumping frequency, the minimal correlation coefficient is R 2 = 99.2%, implying the same behavioral pattern. This result implies that the hydraulic resistance due to the friction between the liquid and the solid walls is negligible as the air/liquid interface is very close to the purge valve (slow velocity). In other words, only gas permeation dominates the purge process in the last stage.
Liquid alignment for rapid mixing
Manipulation of liquid alignment before mixing in a microfluidic chip using GP valves was performed. As shown in figure 7 , two liquid plugs stained with different food colors were used to facilitate the visual observation. To minimize human errors, the operations were automated with a selfdeveloped LabVIEW R (National Instruments) program. In the chip, the plugs were translated by peristaltic pumps. The pump was composed of three normal Mathies' valves and operated in an orderly fashion. The details regarding the pump and the chip were discussed in the relative papers [1, 2] . For the mixing, the green plug was first translated to a designated location (figures 7(A)-(C)) and so was the red plug (figures 7(D)-(E)). Without actively sensing, the alignment was achieved by pumping both the liquid plugs for a certain period of time till they approached the valve seats. The time required for each alignment was calibrated in advance and was estimated to be shorter than 1.5 min. After both plugs were well aligned ( figure 7(F) ), the valves were opened simultaneously and both plugs were squeezed into the third channel for chaotic mixing (figure 7(G)). complete mixing was achieved rapidly after the first cycle without air bubbles or air gaps between plugs. A list of the mixing efficiency from the beginning to the fourth cycle is shown in table 1. The definition of the efficiency can be referred to the prior literature [22] . The mixing efficiency (mean ± standard deviation) is poor before the liquid plug starts running loops. However, it swiftly exceeds 90% and reduces uncertainty after the first cycle. The results confirm that rapid mixing could be realized with the deployment of the purge valves. Compared with other mixing strategies reported in the literature [15, 16, 20] , the mixing rate of the current device at Re = 0.32 is 0.2. This mixing rate is very competitive among the existing techniques. The rapid mixing capability is obtained from breaking continuous flow into liquid plugs, therefore sharing the same mechanism with the so-called droplet mixing in the digital microfluidics.
Conclusion
Two types of unique gas purge valves eligible for two distinct pressure ranges are presented in this study. The proposed devices not only work as a gateway for normal flow controls but also remove excessive air for liquid alignment without active sensing elements. The ST valve can either retain liquids with small pressure (<11.5 kPa) or slow down fluid flow when the driving pressure exceeds the threshold. The functional mechanism of the ST valve is the surface tension induced by hydrophobic channel walls. The analytical threshold is 11.5 kPa under the current setup. In contrast, the mechanism that drives the GP valve is gas permeation based on the porosity of PDMS. Finger-like grooves deployed adjacent to a liquid channel are connected to vacuum to remove excessive air. The employment of PDMS membrane allows the GP valve to be operated with higher pressure (>5.5 kPa). According to the permeation equation, high pressure accelerates the purging process. Additionally, the GP valve was evaluated with four parameters. The purging rate varied with the location of air/liquid interface as well as the pressure difference (i.e. a pump in this case). The interface velocity was high when the liquid remained far away from the purge valve or the pressure difference across the PDMS membrane was increased. Hydraulic resistance may alter the efficiency as well. However, the effect was estimated to be negligible in the current setup. Surprisingly, the pumping frequency and the length of liquid plug showed no significant influence on the purging rate. The results suggested that gas permeation primarily dominates the purging process as the liquid approaches the purge valve. Eventually, a demonstration of rapid mixing using the GP valves showed a practical application. Since air bubbles were not trapped between liquid plugs, the mixing was rapidly completed after only one cycle. The deployment of purge valves in microfluidic chips is believed to benefit lab-on-a-chip applications.
